This paper discusses a new experimental bending test and shear bond modeling of steel deck reinforced concrete (composite) slabs. The objective of experimental work is to develop a new elemental bending test method for evaluating the performance and behavior of composite slabs, and also for determining the shear interaction property for use in numerical analysis. The analytical study is conducted to determine whether data from the small scale tests can be used in the present shear bond (m-k) and Partial Shear Connection (PSC) methods, to predict the strength of the actual slabs, to use the same test data for input in numerical analysis, and to improve the existing PSC design procedure. The results of the study demonstrate that the elemental bending test is feasible as a replacement for the full-size test. Data from the elemental bending test can be used not only in the existing analytical methods but also in the numerical analysis, thus eliminating the need for separate push off type tests. The improved PSC design procedure is found to be comparable with the m-k method.
INTRODUCTION
A composite slab comprised of structural concrete cast on cold-formed steel deck is the most popular type of floor system used in steel framed buildings. The system is well accepted by the construction industry due to the many advantages over other types of floor systems. Designers typically work with design aids generated and published by deck manufacturers. The manufacturers rely on a combination of experimental programs and semi empirical calculation procedures to generate design load tables. A typical test configuration consists of a single, simple span that utilizes one or two deck sheets, thus the specimen generally varies in width from 610 to 1,830 mm. Among the well established calculation procedures are the shear bond method known as the m-k method (ASCE, 1992 , Eurocode 2004 , the Partial Shear Connection method (PSC) (Eurocode 4, 1994 and 2004) and the Multi Linear Regression method (CSSBI, 1996) . These methods however, rely on the parameters obtained from a series of full scale bending tests. Because many full scale tests are involved, the design process is expensive and time consuming.
As an alternative, non-linear finite element (FE) modeling and analysis can be conducted to mimic the test behavior. The non-linear FE method requires data from elemental tests as an input to the model. The data, which is the interaction property between the steel deck and the concrete in the form of shear bond force versus relative end slip, is typically obtained from elemental direct shear tests (push off or pull out tests) (Veljkovic, 1995 and 1996a; Poh, 1990, An, 1993; Crisinel, 1993a and 1993b) . Because of the nature of the direct shear test configurations, the effect of curvature due to slab bending and shear span to depth ratio, herein referred to as the slenderness, could not be considered in the interaction property. As a result the accuracy of the non-linear FE analysis of composite slab with different slenderness is still questionable Crisinel, 1993a and 1993b; An (1993) . Hence the FE procedure is typically only used as a research tool and not for design.
The m-k method, represented in Eq 1 and Figure 1 , was originally developed by Schuster (1970) and adopted in ASCE (1992) and Eurocode 4 (2004) and is the most reliable tool for predicting composite slab strengths. Many researchers have used this method as a basis for comparison with procedures they developed. The m-k method however is a semi-empirical method that offers no mechanical model, but rather uses statistical evaluation of tests to determine the m and k parameters. Thus, the values of m and k are applicable to specific deck/slab configurations. Because of that, researchers in Europe developed the Partial Shear Connection (PSC) method. The method is based on a clear mechanical model, which can be extended to different design situations such as end anchorage, additional reinforcement, frictional effect, etc. (Bode et. al. 1996 and Dauwel, 1999) .
The PSC method, which is adopted in Eurocode 4 (2004), does not properly address the effect of slab slenderness (L s /d) when the degree of interaction, η is determined from a test, as is illustrated in Figure 2 . It is known that the moment obtained from the test, which relates directly to η, depends on the load position (i.e. shear span length) and concrete thickness. Slender 
This indicates that if the shear strength obtained from tests of compact slabs was used to design a slender slab, an unsafe design is produced. On the other hand, if the compact slab was designed based on the shear strength obtained from tests of slender slabs, an overly conservative design may be produced. Eurocode 4 Annex B (Cl. B.3.2 (7)) specifies that the test specimens to be used for determining the design value of longitudinal shear strength, τ u should be as long as possible (most slender) while still providing failure in longitudinal shear. This means that slender slab tests should be in region A of Figure 1 . As a result the evaluation of a compact slab by the PSC method is always conservative and potentially uneconomical.
Objective
The objective of this paper is to present composite slab research results from studies carried out at Virginia Tech. The purpose of the experimental work was to develop a new method for conducting elemental bending tests of composite slabs. The test is multipurpose in that it can be used for product (deck profile) development, for producing design tables, for generating shear bond properties for use in numerical modeling, and for replacement of full scale bending tests. Because the elemental specimen is narrow in size, the test is more economical and easier to perform than the full scale tests. A procedure called the Force Equilibrium method, which considers the effect of slab slenderness, was developed to generate shear bond properties from the elemental bending test. Using the procedure, the accuracy of the finite element analysis of variable slenderness composite slabs was improved. A new procedure for evaluating the shear bond strength that is used in the PSC method was developed. The procedure was obtained by modification of the m-k equation and it takes into account the effect of slab slenderness. 
Experimental Investigation
The experimental program was conducted in three series: One series for full-size bending tests and two series for elemental tests. The full-size series consisted of twenty-four specimens with twelve different parameters (Test #1 -#12). All specimens were built using trapezoidal deck profiles. Two depths of deck and three thicknesses of steel sheeting were used. The depths were 50 and 76 mm and thicknesses were 0.9, 1.2 and 1.5 mm. The full-size specimens were 1,830 mm wide and constructed in a three-span configuration with the end details similar to actual construction practice. The full-size tests were part of an earlier program (Abdullah and Easterling 2003.) Results from these full-size tests were used to verify the performance of a new elemental bending test method developed in this research.
Elemental bending tests
Two series of elemental bending tests were conducted. Series 1 consisted of 16 specimens (Test #13 -#20). Series 1 specimen used the same deck profile (75mm) and sheeting thickness (1.5 mm) but three concrete thicknesses (125 mm, 165 mm and 190 mm) and three shear span lengths (560 mm, 660 mm and 760 mm). The tests were conducted to study the effect of web curling, which is illustrated in Figure 3 .
Results of Series 1 provided the basis for detailing of Series 2. The tests in Series 2 consisted of 32 specimens (Test #21 -#36). The variables for Series 2 tests were similar to the full-size specimens, which included deck depths, sheeting thickness, span length, concrete thickness, and shear span length. The details of the elemental specimens are depicted in Figures 4 and 5. Two specimens with pin and roller supports as shown in Figure 5 (b) were built to determine the effect of end constraint. Support details as shown in Figure 5 (c) were used for other specimens in Series 2 and these were similar to the end details of full-size specimens. Because of space limitation, the specimens were built in two batches, hence two concrete strengths resulted.
However, concrete strength was not considered a test variable. Series 2 tests were conducted to study the behavior of the elemental specimen due to different support details, and ultimately to compare them with the full-size results. 
Test results and discussion (Series 1)
Web curling occurs in the edge webs as shown in Figure 3 . It occurs due to overriding of concrete against the embossments on the web surface when concrete slips under bending. This results in reduced horizontal shear resistance especially in the elemental specimen. Wider specimens exhibit web curling to a lesser degree than the elemental specimen. In Series 1 tests, the web curling effect was reduced by using straps fixed to the bottom flanges of steel decks as shown in Figure 4 . Figure 6 shows a typical result of the effect of strapping to restrain the web from curling. The average increase of the ultimate load due to strapping for all tests ranges from 30 to 40%. The results also indicated that lower slab strengths and larger vertical separation was produced by specimens with larger strap spacing. From Series 1 results, it was decided that the strap spacing to be used in Series 2 specimens was 100 mm.
Test results and discussion (Series 2)
The effect of providing different end constraint details at the support is illustrated in Figure 7 .
Figures 8 and 9 depict the comparison of load-deflection curves and load-end slip curves between elemental and full-size specimens with compatible details for compact and slender specimens. It can be seen that, provided sufficient strapping and similar end details are constructed in the elemental specimen, the strength and behavior of the elemental specimens are comparable with the full-size specimens. The failure modes were also equal between the elemental and the full-size specimens. In general, the elemental specimens failed at slightly lower deflections than the full-size specimens. Detailed results and discussions of this investigation can be found in Abdullah and Easterling (2007) 
Shear bond modeling from bending test data
As mentioned in the Introduction section, the shear bond properties used in many FE studies of composite slabs were obtained from direct shear tests, such as elemental push off or pull out type tests. Because of the nature of the direct shear test configurations, the effect of curvature due to slab bending, shear span length, and concrete thickness could not be incorporated. Therefore, it is proposed here that the shear bond properties be obtained from the elemental bending test, which accounts for these parameters.
An Equilibrium Force method was developed to derive the shear bond property curve from elemental bending test data. The method was derived based on the following assumptions, which were in part made based on the observation from bending tests as discussed above and from classical bending theory:
• The relative slip is uniform along the shear span hence the distribution of horizontal shear stress is also uniform along the shear span.
• Composite section neutral axis is above the deck and moves up as the crack and end slip increase. Thus, the compressive force in the concrete moves upward accordingly.
• Slip occurs at the failing end, while at the non-failing end, slip is small and negligible.
• The difference of curvatures between the concrete and the steel deck after the slip has occurred is small and hence are assumed equal.
• Due to slip, two neutral axes exist and therefore the steel deck is always taking a fraction of load by bending about its own neutral axis.
• Steel deck behaves elastically and remains fully effective up to the maximum load.
• Plane sections remain plane and normal to neutral axis.
• Concrete stress in tension is neglected.
• Small displacement theory is valid.
A free body diagram of a composite slab section tested with two-point loads is shown in Figure  10Fig . (a). The corresponding strain and internal force distributions at the critical sections are depicted in Figures 12(b) and 12(c). At any point, i, during the test, the horizontal shear force F i is equal to the axial force, T i , in the steel deck. At the partial interaction phase, the steel deck can also take a fraction of the applied load by bending about its own neutral axis. The remaining bending resistance in the steel deck is denoted by M ri . Neglecting the concrete self weight, the horizontal shear force, F i can be calculated by taking moment about the compression force, C;
where P i = total applied load, L s = shear span length, and z i = moment arm between tension and compression force. From the moment-curvature relationship, M ri in Eq 3 can be determined from:
where δ 1i and δ 2i = measured deflections at load point 1 and 2 (Figure 11 ), E s Modulus of elasticity, and I s = moment of inertia of the steel deck.
Moment arm, z i in Eq 3 is an unknown parameter to be determined approximately from test data. Its value depends on the location of the composite section neutral axis, which at partial interaction, moves upward as the load increased. The first location of the composite neutral axis, y cc , is at the tip of the first crack in the concrete. It then moves upward as the end slip and vertical deflection increase while the load is added. The value off y cc at first cracking is calculated based on cracked section analysis of full interaction as indicated by line abc of Figure  10 . The calculation can be taken from Eq. B-1 of ASCE (1992) as:
where d = effective depth of slab section, ρ = ratio of steel area to effective concrete area = A s /(bd), and n = modular ratio = E s / E c Thereafter, y cc reduces or the composite neutral axis moves upward as the crack length, y cs increases. From geometry as shown in Figure 11 (a), the crack length at i, is estimated by:
where s i = measured end slip.
Therefore;
where h c = concrete cover above deck top flange.
The moment arm is therefore;
Each test data point, i was applied to Equation (3) through (8) to obtain the horizontal shear bond force, F i . The values were then divided by the deck surface areas along the shear spans to obtain the average shear bond stresses. The values were plotted against the corresponding end slips that were measured in the tests. A typical relationship between shear bond stress and end slips obtained by this procedure is shown in Figure 12 . Figure 13 shows the simplified shear bond properties calculated from elemental bending test that were used in the FE analysis. The properties were for specimens using the same deck but of different slenderness (Different shear span length and concrete thickness). To validate the proposed calculation method, the maximum shear bond stress obtained from the graphs for all test data were compared with the maximum values calculated using the PSC method available in Eurocode 4 (2004). The mean of the ratio of the maximum shear bond stress calculated by the PSC method to that by the proposed Force Equilibrium method was 1.02 and standard deviation was 0.12.
Finite Element analysis
The property curves as presented in Figure 13 were used to model the interaction behavior between the steel deck and the concrete in the FE analyses. Each curve was assigned to its respective model. The results are shown in Figure 14 (The specimen of Figure 14 was used as the basis for model development) and Curves A in Figure 15 . It can be seen that the loaddeflection curves of the tests could be traced accurately by the FE results. When the property curve #27 was used to model other specimens of different slenderness, the results were underestimated for more compact slabs (specimen #25) and overestimated for more slender slabs (specimens #28, #29 and #30). This is shown by Curve B in Figure 15 . The FE results clearly show that in order to obtain the correct analysis, the shear bond property must be changed according to the slenderness of the slab. The use of single property curve, as usually obtained from push off tests may yield good result for one slab geometry, but inaccurate results for other geometries. More detailed results of the FE analysis and discussions of the modeling method are presented in Abdullah and Easterling (2008) and Abdullah (2004.) 
Improvement of the PSC method
In the free body diagram in Figure 10 (a), P/2 is the reaction force and is equal to the vertical shear, V in the m-k equation. Considering that the moment arm, z, differs very slightly from the slab effective depth, d, the moment equilibrium equation can be approximated by summing moments about the compression force, C, using the effective depth, d, as follows:
Substituting T with τ(L s +L o )b, Eq 9 becomes; Solving Eq 10 for V and substituting into Eq 1, a new equation relating shear bond stress to the slab geometry is obtained, as given by Eq 11.
If b is taken as the length of the steel sheeting over its width, then A s /b is equal to the thickness, t of the sheeting.
When deriving the original m-k equation, Schuster 1970 neglected the contribution of the remaining moment strength, M r in the steel deck and so did Patrick and Bridge (1994) , Veljkovic (1996b) and Widjaja and Easterling (1996) for their modified PSC methods. For deck profiles with re-entrant shape, which is popular in Europe and Australia and used to a limited degree in the United States, the contribution of M r is negligible, because the deck depth is usually small and the moment capacity of such profiles is low. For trapezoidal profiles which are popular in the United States, the United Kingdom and other parts of the Europe, the contribution of M r can be significant, especially near the ultimate load. The behavior beyond ultimate load is also influenced by M r . In this study however, the last term in Eq 11 was found to be constant and therefore a determination of the M r term here is not needed. Equation 11 can be simplified to:
The overhanging length, L o is usually short. It is assumed here that L o is not a determining factor for the slab behavior and therefore it can be ignored. However its contribution to the horizontal shear resistance cannot be neglected and it should be included when τ is calculated either using the PSC method or using the Force Equilibrium method as discussed earlier.
To differentiate between the constants m and k from the m-k method, p and s are used here instead, so that the equation relates the shear bond term, τd to the inverse of slenderness parameter, d/L s . The sheeting thickness, t is also included as part of the strength parameter. Therefore Eq 12 can be simplified to:
Maximum shear stresses, τ, were calculated from all elemental bending specimens using the 
Summary and Conclusions
A new method for testing composite slabs in bending in an elemental (narrow) configuration has been developed. If the same end details are utilized in both elemental and full-size specimens, the elemental tests can produce comparable results with the full-size specimens.
Edge web curling, end anchorage details, and type of support have significant influence on the slab specimen strength and behavior. Angle straps can provide sufficient restraint to the edge web, thus enabling elemental specimens to behave in a manner similar to full-size specimens. The use of angle straps at a spacing of 100 mm and end conditions that are comparable to a given full-size specimen enable the use of the elemental specimen developed in this experimental study to be used as an alternative to the full-size specimen. The elemental tests developed in this investigation are simple and easy to construct. The side formwork, angle straps and C-clamps are reusable, which make the testing more economical. Four elemental specimens can be set up in the same space needed for one full-size specimen that is 1,830 mm wide, with almost an equal amount of material.
Because the elemental test is conducted in bending, where the span length and the concrete thickness similar to a traditional full-size test can be used, the data from the elemental tests can be applied directly to the present design specifications, namely the m-k and the PSC methods in the ASCE (1992) and Eurocode 4 (2004).
The study also addresses the shear bond modeling issue in composite slabs. The accuracy of the shear bond property depends on the slenderness of the slab. Because slenderness effects can not be replicated in the elemental push off or pull out test, bending test data has been used in the study. The Force Equilibrium method was derived for calculating the shear bond property from bending tests. The accuracy of the method was validated by comparing the results with the established PSC method. The resulting properties were applied to FE models. The results of FE analysis have shown that the slab behavior and load capacity can be predicted accurately for slabs with variable slenderness provided the shear bond properties used in the models are obtained from the tests whose geometries are similar to the models. If the shear bond properties are not altered, the model may be accurate for a particular geometry slab but underestimates the more compact slabs and overestimates the more slender slabs.
Other parameters that contribute to the shear bond property such as sheeting strain, support friction, vertical separation, natural clamping and curvature have already been included implicitly in the shear bond property obtained from bending tests, hence they can be ignored in the FE model. Thus the small scale test developed here is more favorable than the push off type tests for shear bond data gathering.
A shear bond-slenderness equation with constants p-s was successfully derived to express the relationship between the shear bond stress and slenderness parameter. Using this equation, the PSC method can be improved significantly, especially for estimating the shear bond strength of slabs of variable dimensions, thus enabling the PSC method to be compared vis-à-vis with the m-k method.
Because the shear bond stress varies linearly with the slab compactness, only two regions of small scale tests are required to provide adequate data for design with the improved PSC method. This is similar to test requirement for the m-k method and therefore data from the same test can be used for both methods. As such the same number of specimens and test procedure as prescribed in the present specifications for conducting full scale tests can be followed.
